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Preface 

This thesis has been done at department of Signals and Systems, Biomedical Electromagnetic 

Group, Chalmers University of Technology, Gothenburg, Sweden to complete the partial 

fulfillment for the degree of MS Telecommunication/Electronics at University of Gavle, Gavle, 

Sweden.   

Ultra wide band antenna array for microwave tomography application has been designed under 

the supervision of Ms. Xuezhi Zeng, Department of Signals and Systems, Biomedical 

Electromagnetics Group, Chalmers University of Technology, SE-41296 Gothenburg, Sweden. 

CST microwave studio has been used for all simulations. All simulations are done at Department 

of Signals and Systems, Chalmers University of Technology, Gothenburg, Sweden. In this thesis 

performance of single antenna, an antenna array in three different matching liquids and an 

antenna array in air have been investigated. The simulated results of reflection coefficients of 

the antennas, mutual coupling between antennas and electric field distribution are shown.  
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Abstract 

Microwave tomography is a classical approach for non destructive evaluation. Microwave 

tomography has many biomedical applications such as brain imaging, temperature sensing in 

different biological tissues and breast cancer detection.  

In a microwave tomography system, numbers of radiators are used to transmit microwave 

signal into an object under test and the scattered fields are recorded. The collected data is used 

to quantitatively reconstruct the dielectric profiles of the object under test through inverse 

scattering mechanism. 

It has been shown that by using wide band data, highly stable and high resolution 

reconstructions can be obtained. Lower frequency components provide stability of the 

reconstructions, while higher frequency components contribute to the resolution.  Accordingly, 

ultra wideband antennas are required in UWB microwave tomography systems. In addition to 

ultra wide bandwidth, the antennas in a microwave tomography system should be easy to 

model with computational program. 

In this thesis Printed elliptical monopole antenna (PEMA) is investigated for microwave 

tomography. It is a multi resonant antenna with simple structure and yield ultra wide 

bandwidth. The performances of a single antenna and an antenna array are studied. The 

reflection coefficients of the antenna, mutual coupling between antennas and energy 

distribution in the near field are obtained by means of simulations in CST microwave studio.    

The simulation result shows that reflection coefficients of the designed antenna are below         

-10dB over the entire frequency band of interest (1-4.5GHz), mutual coupling between 

antennas at different locations are below -20dB over the entire frequency band of interest and 

the designed antenna also has good electric field distribution in an array configuration which 

makes the radiated power concentrating in the imaging region. These results indicate that 

PEMA is a potential antenna for microwave tomography applications.   

Keywords: Printed elliptical monopole antenna, microwave tomography, coupling, matching          

liquid 
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1 Introduction 
Microwave tomography has many biomedical applications like brain imaging, temperature 

sensing and detection of breast cancer. It is a new and emerging technique. It has all the 

benefits and qualities a good imaging technique should have. It is fast, non-ionizing, sensitive to 

tumors and is not as expensive as the other systems are like MRI [1]. Microwave imaging has 

many other interesting applications apart from biomedical applications like detection of buried 

objects, non destructive testing of materials, reconstruction of layered media, etc. [1].  

1.1 Microwave tomography 

1.1.1 Background and applications 

In 1979 Jacobi, Larsen and Hast used an antenna system immersed in water to successfully 

image a canine kidney [1]. Since then, biomedical applications of microwave tomography have 

gained a lot of interest. Different types of reconstructions algorithms have been proposed, 

which include linear and nonlinear methods. Numerical and experimental studies have been 

carried out demonstrating the efficacy of microwave tomography.  

Microwave tomography is based on the contrast in dielectric properties. Some research has 

shown that healthy and malignant tissue exhibit different dielectric properties at microwave 

frequencies [2]. Changes in temperature also affect the dielectric properties of a tissue [2, 3]. 

Therefore microwave tomography can be used for many applications, such as tumor detection, 

brain imaging and temperature measurement of biological tissues [2]. 

1.1.2 Principle 

In microwave tomography quantitative reconstruction of dielectric properties of the object 

under test is done in two steps. First step involves illumination of object under test with 

microwave signals from different locations for which an antenna array is used. Only one 

antenna transmits at a time and all other antennas in the array are in the receiving mode. The 

field is scattered due to the dielectric inhomogeneities of the object under test. The process is 

repeated until all the antennas in the array have been used as transmitters and scattered fields 

are recorded. The second step involves the reconstruction of dielectric properties profiles of 

the object under test with the use of measured scattered fields [2].   
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          Figure 1.1. The setup showing principle of microwave tomography. Object under test is 
surrounded by antennas represented by black dots.  

 

1.1.3 Microwave tomography system 

Figure 1.2 shows the microwave tomography system used at department of Signals and 

Systems, Biomedical Electromagnetic Group, Chalmers University of Technology, Gothenburg. 

This microwave tomography system includes vector network analyzer (VNA) to measure the 

scattered field. A circular antenna array located in a square box in used to transmit and receive 

microwave signals. A switching matrix is used to select different transmitting and receiving 

antennas in pairs.  

 

 

(a)                                                                    (b) 

             Figure 1.2(a-b). (a) Experimental microwave tomography system, (b) Antenna array                                    
configuration 

The circular antenna array used in this experimental system consists of 20 monopole antennas 

evenly distributed on a circle of 100mm radius as shown in the figure 1.2(b). Monopole antenna 

has been used due to its simple structure, easy to manufacture and also it is cost effective but it 

has narrow bandwidth in air i.e. for monopole antennas the frequency span for which the 

reflection coefficient is below -10dB is small.  
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To image objects with high resolution microwave tomography put some requirements on the 

incident wave regarding frequency and bandwidth as explained in section 2.1. In order to meet 

these requirements UWB antenna is required.  

1.1.4 Reconstruction Algorithm 

In this section, a nonlinear time domain reconstruction algorithm is described. With the 

microwave tomography technique, the object under test is surrounded by an antenna array. 

Each time, a microwave signal is transmitted by one of the antennas and the scattered signals 

are received by each antenna in the array. In our approach, the dielectric properties of the 

object are then recovered by comparing the measured signal with the calculated signal in finite-

difference time-domain (FDTD) program: 

                           
               

 
    

   
 
   

 

 
                    1.1 

Here  and   are the permittivity and conductivity of the object, Em ( ,    Rn, t) is the calculated 
field in FDTD and   

               is the measured data. M and N are the number of 
transmitters and receivers. In the reconstruction procedure a conjugate-gradient optimization 
is used to iteratively update the dielectric properties of the object in order to minimize the cost 
function F.  
 
To derive the gradients, dielectric profile is incremented i.e.  +δ ,  +δ  and corresponding

changeinthefunctionalisderivedbysolvingAdjointproblemofMaxwell’sequationsusingthe

difference between the measured and the simulated fields on the boundary as source. Frechet 

derivative of the functional is given by [21]. 

               δ          δ                                                      1.2 

Equation 4.4 and equation 4.5 represents the gradient, where   
       is the solution to the 

Adjoint problem. A search in negative direction of the gradient is performed and the goal is to 

find the minimum of the functional; the process is repeated until convergence [21].  

           
               

 

 
 
                                                    1.3 

 

           
             

 

 
 
                                                        1.4 
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1.2 Thesis objectives 
For reliable and high resolution reconstruction wide band data is desirable [1]. The main 

objective of the thesis is to design ultra wideband antenna array which can be used in 

microwave tomography system.  

The objectives are summarized below: 

a. Design of an antenna working from 1GHz to 4.5GHz i.e. reflection coefficient should be 

less than or equal to -10dB over the frequency band. Optimize the antenna design to 

make the antenna design as small as possible.  

b. Study the performance of antenna in air and different matching liquids 

c. Design and optimize antenna array taking mutual coupling into account 

d. Study the performance of antenna array in air and different matching liquids 
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2 Ultra wide-band antennas for microwave tomography 

2.1 Why UWB antennas  
In microwave tomography the scattered data is used to quantitatively reconstruct the dielectric 

profile of object under test. The reconstruction is done with the help of a nonlinear time 

domain algorithm. The studies show us that small structures can be resolved properly if the 

frequency of the incident wave is increased but this will have severe effect on resolution of 

larger structures. This is due to the fact that scattered data is nonlinearly related to scattering 

objects and this non linearity increases at higher frequencies [3, 4].    

 

In [4] the effect of center frequency and bandwidth of the incident wave on the reconstruction 

of objects is investigated. The results show that imaging quality can be significantly improved if 

incident wave has large bandwidth and its center frequency corresponds to the size of object 

under test in terms of wavelength. In microwave tomography application ultra wideband 

antennas are required which can improve the accuracy of the measurements [4].    

2.2 UWB antennas for microwave imaging 
UWB antennas have large bandwidth. An antenna falls into UWB category if its fractional 

bandwidth is in range of 20-200%. The fractional bandwidth is given as [6].  

    
     

  
                                                                      (2.1) 

Where fh is the highest frequency, fl is the lowest frequency and fc is the center frequency. UWB 

antennas radiate short pulses therefore time delay can be used to differentiate return from 

different scatters [5].  

Many UWB antennas for microwave imaging have been proposed in literature like stack patch 

antenna [7, 9], printed monopole antenna [8], pyramidal horn antenna [9], Vivaldi antenna [9] 

and wide slot antenna [10].  

Many antennas were investigated in order to find suitable antenna for microwave tomography. 

These include stack patch antenna, wide slot antenna, taper slot antenna, Vivaldi antenna and 

printed elliptical monopole antenna.            

Stack patch antenna consist of two microstrip patches i.e. driven and parasitic as shown in the 

figure 2.1. The driven and parasitic patch is separated by a substrate layer of low permittivity. 

Microstrip feed line is used to feed the driven patch through a slot in the ground plane. Lower 

and upper frequency limits of the frequency band of interest are used to estimate the 
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dimensions of driven and parasitic patches respectively. Parasitic patch is excited by the lower 

patch through coupling. The major drawback of this type of antenna is that it is directive. The 

antenna for microwave tomography is required to maintain fidelity of radiated signal over large 

angular range. The other drawback is that it has a complicated structure [7, 10].  

Up p e r p atch

Lo we r p atch

Su b strate

Su b strate

Slo t

Micro strip  fe e d

Su b strate
 

Figure 2.1. Stack Patch antenna [7] 
 
A modified antipodal Vivaldi antenna is discussed in [9]. It has round arms, tapering is used in 
feed and ground plane for smooth transition of impedance. It can yield large bandwidth but the 
structure is not simple as shown in the figure 2.2.   
 

 
Figure 2.2. Antipodal Vivaldi antenna [9] 

Wide slot antenna has forked microstrip feed on one side of the substrate and on the other side 

it has ground plane with square slot as shown in figure 2.3(a-b) [10]. The forked feed is used to 

enhance the bandwidth [11]. It has good front to back ratio. Wide impedance bandwidth can be 

obtained if the distance between the radiating arms and ground plane is selected properly. The 

major drawback with wide slot antenna is its large size at the frequency band of interest [10].  
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(a)                                                  (b) 

Figure 2.3(a-b). Wide slot antenna: (a) top view, (b) side view [10] 

UWB taper slot antenna has been designed in [12] using two steps in the patch, partial ground 

plane and a single slot on the patch as shown in the figure 2.3 (a-b). The antenna does not meet 

the requirements on size and structure for microwave tomography.  

Substrate

SW

P
W

SL

P
W

Slot2

Slot1

Substrate

GroundGL

 

(a)                                                             (b) 

Figure 2.4(a-b). Taper slot antenna structure: (a) Top view, (b) bottom view [12] 

Printed elliptical monopole antenna (PEMA) was considered for microwave tomography 

application. Wide bandwidth can be achieved with this type of antenna. The structure of the 

antenna is simple. The antenna size is quite suitable for array design. The antenna height is only 

a few millimeters and can be easily mounted on ordinary plastic casing. It is a broadside 

radiator with omnidirectional radiation pattern [13], and the radiation pattern in 3D is shown in       
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figure 2.5. The patch elliptical shape is chosen to meet the antenna size requirement. The 

detailed structure of the antenna is shown in figure 3.1. 

 

 

Figure 2.5. PEMA radiation pattern at 1GHz 

2.3 Requirements on microwave tomography antennas 
For microwave tomography most suitable frequency range is from several hundred MHz to 

several GHz. Besides the ultra wide bandwidth, other requirements on antennas for microwave 

tomography system are summarized below.  

a. Structure 

The structure of the antenna has to be very simple so that it can be easily modeled in a 

computational program [2]. An antenna with simple structure reduces the requirement on 

computational power and also results in high modeling accuracy. 

b. Size 

In a microwave tomography system microwave signals are transmitted into object under test 

from number of locations, the antennas are in close proximity of each other constituting an 

array. Therefore, in order to minimize the mutual coupling, the size of the antenna should be 

kept as small as possible.  
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c. E-field distribution 

Signal in heavily attenuated in a lossy medium and in order to disclose the internal structure of 

the object, it is desirable that most of the radiated energy concentrates in the object under 

test.    

Keeping in view the antenna design requirements for microwave tomography application, it can 

be concluded that PEMA met most of the antenna requirements for microwave tomography 

application. It was decided to further investigate PEMA for this application. Further details 

about designing and optimization are given in next section.  
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3 Printed elliptical monopole antenna 
Printer elliptical monopole antenna (PEMA) It is a multi resonant antenna and can be made to 

resonate at frequency as low as few hundred mega hertz. The antenna is built on FR4 substrate 

with a thickness of only a few millimeters. SMA connector is used to connect it with generator. 

3.1 Antenna structure  
Figure 3.1-a shows the antenna top view. `A´ is the elliptical patch length along semimajor axis 

and `B´ is elliptical patch radius along seimiminor axis. PEMA is built on FR4 substrate with 

permittivity 4.3. The elliptical patch and the feedline are assumed to be made of PEC (perfect 

electric conductor). PEMA is fed with microstrip feed line having feed width (Fw) and feed 

length (FL). Antenna backing ground plane covering the elliptical monopole is removed as 

shown in figure 3.1-b.  

       

(a)                        (b)                                                                   (c) 

Figure 3.1(a-c). Printed elliptical monopole antenna structure: (a) top view, 
                                               (b) bottom view, (c) side view 

Figure 3.1-c shows that the total patch length (ETL=FL+P+L) is slightly less than the substrate 

length (SL). `L´ is the elliptical patch length along major axis which is equal to ´2A`. The ground 

plane has the smallest length (GL). The total thickness of the antenna is the combine thickness 

of elliptical monopole (EH), substrate (SH) and ground (GH) which is only a few millimeter.                          
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3.2 Design theory and optimization  

3.2.1 Design Parameters 

PEMA has two design parameters [13].  

a. Lowest resonance frequency (fL)  

b. Bandwidth (frequency span in whichS11≤-10dB) 

3.2.1.1 Lowest resonance frequency (fL)  

In this design lowest resonance frequency depends on elliptical patch length along major axis 

(L) which is equal to 2A, elliptical patch effective radius (r) which is equal to B/4, ground plane 

length (GL) and gap between elliptical patch bottom edge and ground plane (P). The effect of 

above parameters on fL is given in the relation below.   

fL  
   

          
                                                                  (3.1) 

The above relation is the modified form of the equation used in [13], which can used to 

estimate the lowest resonance frequency for all types of printed monopole antennas. Studies 

showed that printed monopole antennas are generally equated to cylindrical monopole 

antenna with large effective diameter and therefore this relation is used to determine the fL 

[13].   

Two types of PEMAs are shown in the figure 3.2(a-b). In this thesis PEMA 1 is used because it 

has smaller width compared to PEMA2 and it is a better choice for being configured in an 

antenna array.   

B
A

     

B
A

                 

                                PEMA 1       PEMA 2 

                                    (a)                                 (b)  

Figure 3.2(a-b). Types of PEMAs 
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3.2.1.2 Bandwidth 

In this design there are a few parameters which are influencing the bandwidth (frequency span 

for which reflection coefficient is below or equal to -10dB) of printed elliptical monopole 

antenna. First parameter is the elliptical monopole effective radius (r); if it is selected properly 

the antenna will exhibit wide bandwidth [13, 15]. Second parameter is the gap between 

elliptical monopole bottom edge and the ground plane (P) [14], third parameter is the elliptical 

patch length (L) and fourth parameter is ground plane length (GL).  

In section 3.2.2 the influence of all major parameters on the bandwidth will be investigated in 

detail.    

3.2.2 Optimization procedure 

In this design different parameters are optimized, these include r, L, FW, GW, GL and P. 

Optimization procedure involves the simulation of reflection coefficient versus frequency 

keeping all design parameters constant except one, effect of increase or decrease of parameter 

value on reflection coefficient over the entire frequency band of interest is observed. Finally the 

best value for each design parameter is chosen. By repeating the process over and over again 

the requirements on the reflection coefficient and size are met. The final design parameters are 

given in table 3.1.   

All simulation has been done using CST MWS. It is special tool for 3D EM simulations for high 
frequency components. It is a part of Computer Simulation Technology Design Studio suite 
which has different solvers for different types of applications. Transient solver is used for 
antennas, transmission line, connectors etc. It is based on the Finite Integration Technique 
(FIT). It is fast and accurate which makes it one of the leading simulation software [20].  
 
The following simulation results show the effects of different parameters i.e. r, L, FW, GW, GL and 
P on the reflection coefficient in the interesting frequency range. In these simulations only one 
parameter is changed each time and other parameters are kept fixed as given in table 3.1.   
  

3.2.2.1 Effect of elliptical patch length (L) 

Figure 3.3 shows that increasing `L´ lowers the fL. When L=40mm or 50mm the requirement on 

the refection coefficient over the entire frequency band of interest is not met. For L=60mm the 

reflection coefficient is below -10dB over the entire frequency band of interest, as shown in 

figure 3.3. The results show that in this design both lowest resonance frequency and the 

achieved bandwidth are dependent on the elliptical patch length (L).  
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Figure 3.3. Reflection coefficient versus frequency for different values of L 

3.2.2.2 Effect of Ground plane length (GL) 

 

Figure 3.4. Reflection coefficient versus frequency for different values of GL 
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The ground plane length has also significant effect on lowest resonance frequency; increasing 

ground plane length can lower fL and thus increases bandwidth. Increasing the ground plane 

length from 22mm to 45mm has brought the lowest resonance frequency down from 1.5GHz to 

1.2GHz and the requirement on the bandwidth is also met as shown in figure 3.4.  

3.2.2.3 Effect of change of elliptical patch effective radius (r) 

Figure 3.5 shows the simulation result for different values of `r´ keeping all other parameters 

constant. Reflection coefficient is below -10dB over entire frequency band of interest when 

r=5.5mm. For other values i.e. r= 6.5mm & 7.5mm the reflection coefficient is above -10dB at 

4.45GHz and 4-4.5GHz respectively. The change in `r´ is influencing the bandwidth and the 

lowest resonance frequency as well as shown in figure 3.5. 

 

Figure 3.5. Reflection coefficient versus frequency for different values of r 

3.2.2.4 Effect of gap between elliptical patch bottom edge and ground plane (P) 

The gap between elliptical patch bottom edge and the ground plane (P) is one of the most 

important optimization parameter.   

`P´ is optimized to yield wide impedance bandwidth. Figure 3.6 shows that when P=2mm or 

4mm the reflection coefficient is not below -10dB over the entire frequency band of interest, 

the requirements on the reflection coefficient is only met when P=3mm. Lowest resonance 

frequency is also influenced by the change in `P´.  
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Figure 3.6. Reflection coefficient versus frequency for different values of P 

3.2.2.5 Effect of change of feed width (FW) 

Initially the feed width is calculated at 1GHz with the help of line calculator [16] and then 

optimized to achieve the desired reflection coefficient. Figure 3.7 shows that when FW= 1mm 

the requirement on the lowest resonance frequency is not met. With the feed width of 2mm 

the reflection coefficient is above -10dB at 4.4GHz. The feed width of 1.5mm is chosen for this 

design, which brings reflection coefficient below -10dB over the entire frequency band of 

interest as shown in figure 3.7. Bandwidth is not much sensitive to the feed width; however the 

change in feed width is influencing lowest resonance frequency.   
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Figure 3.7. Reflection coefficient versus frequency for different values of FW 

 

Figure 3.8. Reflection coefficient versus frequency for different values of Gw 
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The simulation results show that in this design the lowest resonance frequency fL mainly 

depends on the elliptical patch length (L) and ground plane length (GL). The bandwidth is 

primarily dependent on r, P, L, GL. All these parameters are correlated with each other in some 

way, therefore, a global consideration is needed in order to obtain an optimal design. 

3.2.3 Current distribution 

Figure 3.9 shows that the current is mainly distributed along the feed line and elliptical patch 

edges. On the ground plane the current is mainly distributed along the upper edge which 

signifies the importance of the gap between the elliptical monopole bottom edge and ground 

plane (P) in YZ plane. The distribution of current along elliptical patch edges and feedline 

presents one-half-cycle-shape at 1GHz. As the frequency increases, the current distributions 

have more obvious variations [13].   

 

                      (1GHz)                  (2GHz)                  (3GHz)                    (4GHz)                (4.5GHz) 

Figure 3.9. Simulated current distribution at different frequencies 
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3.2.4 Antenna dimensions 

Table 3.1 shows the antenna dimension after optimization. The total antenna length is 110mm, 

width is 50mm and height is 2.24mm.    

Sr# Parameters Description Dimensions(mm) 

1 A Elliptical patch length along semimajor axis 30 

2 B Elliptical patch length along semiminor axis  22 

3 FW Microstrip feed line width 1.5 

4 FL Microstrip feed line length 48 

5 EH Patch height 0.1 

6 SW Substrate width 50 

7 SL Substrate length 110 

8 SH Substrate height 1.64 

9 GW Ground width 50 

10 GL Ground length 45 

11 GH Ground height 0.5 

12 P Gap between ground plane and elliptical monopole 

bottom edge in YZ-plane  

3 

  

Table 3.1. List of parameters used to design PEMA  

3.3 Antenna performance 

3.3.1 Antenna performance in air 

In section 3.1.1.1 antenna performance in air in terms of reflection coefficient is discussed. 

Section 3.3.1.2 describes the antenna performance regarding E-field distribution in a modeled 

phantom with permittivity 10 and conductivity 0.2.  

3.3.1.1 Reflection Coefficient versus frequency  

Figure 3.10 shows that the reflection coefficient is below -10dB over the entire frequency band 

of interest i.e. 1-4.5GHz. The lowest reflection coefficient value achieved is -27dB at 1.18GHz. 

The reflection coefficient value is below -15dB between 1.06-1.36GHz and at 4GHz. For the rest 

of frequency band reflection coefficient is between -10dB to -15dB. The simulation results show 

that the designed antenna meets the primary requirement of wide bandwidth. The fractional 

bandwidth of the antenna is 1.27 which suggests that it is an ultra wideband antenna.   
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Figure 3.10. Reflection coefficient versus frequency 

3.3.1.2 Electric field distribution with single antenna  

In this thesis E-field distribution in lossy medium is investigated. The equation below shows that 

E-filed distribution can be evaluated in terms of SAR (specific absorption rate): 

      
       

 
                                                                         (3.2) 

Where“E”iselectricfieldintensityinV/m,ρisthemassdensityinkg/m3 and isconductivity

of the material in S/m.  

 SAR is the amount of power absorbed by the medium per unit of mass [19]. SAR is a measure in 

Watts/kg or mW/g. SAR is basically a standard, which put some limits on the maximum amount 

of power absorbed by the human body. The standard values for SAR in US and Europe are 

different. In US peak SAR (head and trunk) has maximum value of 1.6 W/kg averaged over 1g 

and in Europe it is 2 W/kg averaged over 10g [19].  

In the figures 3.11-3.12 simulated SAR pattern in CST MWS at different frequencies between    

1-4.5GHz both in XZ & YZ planes are shown in modeled phantom with  r=10,  =0.2 S/m and 

ρ=1000kg/m3. The radius of the modeled phantom is 100mm in XZ-plane and its length in        

YZ-plane is 114mm. SAR is observed at the center of antenna in XZ-plane and at center of the 

modeled phantom in YZ-plane. In these simulations peak SAR is averaged over 10g. Figure 3.11 
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shows the simulated SAR in the modeled phantom in XZ-plane. E-field is produced deep inside 

the modeled phantom. The level of E-field is decreasing gradually in the XZ-plane as we move 

away from antenna.  

 

           (1GHz)                  (2GHz)                  (3GHz)                   (4GHz)                  (4.5GHz) 

Figure 33.11. SAR with single antenna in XZ-plane 

Figure 3.12 shows simulation SAR pattern in YZ-plane and at the center of the modeled 

phantom of 100mm radius. The result shows that the E-field produced by the designed antenna 

is covering almost whole area of the modeled phantom in YZ-plane.   

  

         (1GHz)                   (2GHz)                    (3GHz)                   (4GHz)                 (4.5GHz) 

Figure 3.12. SAR with single antenna in YZ-plane 
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3.3.2 Antenna performance in matching liquid 

3.3.2.1 Why matching liquid 

Biological tissues usually have large permittivity. The studies show that a significant amount of 

the energy will be reflected back when microwave signals are transmitted from one medium to 

another with large difference in permittivity. In microwave tomography systems the abrupt 

change in permittivity between air and the object under test is avoided by the use of matching 

liquid (ML) so that maximum energy is transferred into the object under test and is not 

reflected back. Matching liquids with the same dielectric properties as that of object under test 

are used as coupling medium. 

In this thesis the designed antenna is tested in different matching liquids. The antenna 

performance in the matching liquids is observed. Three different types of matching liquids are 

used. The permittivity and conductivity of the matching liquids are given in the table below.  

Matching Liquid Permittivity( r) Conductivity 

( inS/m) 

1 10 0.2 

2 30 0.5 

3 78 1.59 

 

Table 3.2. Electrical properties of matching liquids 

3.3.2.2  Comparison of Reflection Coefficient versus frequency when antenna is                         

immersed in different matching liquids and in air 

Figure 3.13 shows the simulated reflection coefficient versus frequency of the antenna when 

immersed in matching liquids. The results show that the use of matching liquid has improved 

the impedance bandwidth of the antenna.  
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Figure 3.13. Comparison of reflection coefficient versus frequency of a single 
antenna immersed in matching liquids and in air 
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4 Antenna Array Design 
For microwave tomography application the object under test is illuminated with 

electromagnetic radiations from different directions. When antennas are in close proximity of 

each other mutual coupling exist between antennas both in transmitting and receiving mode. 

The performance of the array will be severely affected if the mutual coupling requirements are 

not met. Coupling should be atleast -20dB down between all antenna array elements [17]. 

4.1 Mutual coupling 
Mutual coupling comes into play when two or more antennas are close to each other. Mutual 

coupling exist between antennas in both transmitting and receiving modes. In transmitting 

mode the part of the energy radiated by one antenna in the array will be received by the other 

is known as mutual coupling. There are three factors on which this amount of energy depends 

[18]. 

a. antennas radiation pattern  

b. separation between antennas (horizontal or vertical or both) 

c. antennas orientation in the array 

4.1.1 Effect of mutual coupling on antenna impedance matching 

When antennas are in transmitting or receiving mode mutual coupling exist between all 

antennas in an array. Consider antenna array of two elements in which one antenna is 

transmitting in the desired direction and other is passive. A part of the energy radiated by 

transmitting antenna will be received by passive antenna. Part of energy received by passive 

antenna will be rescattered. Some of the rescattered energy will be reflected back towards the 

transmitting antenna. The transmitting antenna receives this rescattered energy. The received 

rescattered energy may add up with the reflected waves of generator resulting in an increase in 

reflection coefficient of transmitting antenna. In this way mutual coupling can influence the 

input or driving point impedance of the antenna.  

This is a cyclic process and will continue indefinitely. If more than one antennas are excited 

simultaneously the radiated and rescattered fields by and from all antennas will be added to 

form total field [18]. 
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4.2 Proposed antenna array 

4.2.1 Structure 

The array is designed keeping in view the requirements on impedance bandwidth, mutual 

coupling and maximum transmission of energy into object under test. Following are the 

antenna array design parameters.  

a. Array size 

b. Horizontal distance between antennas 

c. Diagonal distance between antennas at corners  

In this thesis square antenna array with 12 elements is designed and simulated in matching 

liquids with different dielectric properties. A square chamber is used to hold matching liquid 

and its four walls are used to mount antennas.   
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Figure 4.1. Antenna array design (Top view) 

The chamber is made of plastic with permittivity 1.2 and conductivity 10-16 S/m. In figure 4.1 the 

length and width of the designed array is shown by Larray and Warray, horizontal distance 
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between adjacent antennas by dh and diagonal distance  between antennas at the four corners 

by dd. Each antenna in the array is fed with waveguide port of 50ohm impedance. The antenna 

array setup in CST MWS is shown below.  

 

Figure 4.2. Antenna array setup in CST MWS 

Simulation results of antenna array in matching liquids and in air are discussed in the next 

section.   

4.3 Antenna array performance 

4.3.1 Reflection coefficients 

It’s a primary requirement of antenna that its reflection coefficient is below -10dB over the 

entire frequency band. Antennas in a microwave tomography system are in close proximity of 

each other, this increases mutual coupling level among antennas. Increase in mutual coupling 

level among antennas in array increases their reflection coefficient. To achieve the desired 

reflection coefficient and mutual coupling level, horizontal distance between adjacent antennas 

(dh) and diagonal distance between antennas (dd) at the four corners are optimized.  

In this antenna array design, three antennas are mounted on each of its four walls. The antenna 

array design is symmetrical; due to symmetric structure of antenna array the reflection 

coefficients of antennas at center and corner on all walls will be same. That is why simulated 

reflection coefficients of only antenna 1 (S11) and antenna 2 (S22) are shown when antenna 

array is immersed in different matching liquids or it is in air.  

A:  Reflection coefficients of antenna array in air 

Figure 4.3 shows the reflection coefficients for antenna array in air are the same as of single 

antenna in air. With no matching liquid the mutual coupling levels are high; horizontal distance 

between antennas (dh) and diagonal distance (dd) between antennas at all corners has to be 
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increased considerably to bring the reflection coefficient below -10dB over the entire frequency 

band of interest. There is no improvement in impedance bandwidth in this arrangement of 

array. 

B:  Reflection coefficients of antenna array in matching liquids 

Figure 4.4 shows the reflection coefficient versus frequency for antenna in matching liquid 1. 

The simulation results show that antenna 1 and antenna 2 are well matched for the entire 

frequency band of interest. The matching liquid has improved its impedance matching and now 

antenna is matched for the frequency band 0.55-4.5GHz. The reflection coefficients S11 and S22 

are nearly the same which shows that the array design is not affecting the reflection 

coefficients of antennas at different positions.  

The antenna array in ML2 is showing more improved impedance bandwidth i.e. 0.5-4.5GHz and 

reflection coefficients are getting better over the entire frequency band of interest. Both 

antenna 1 and antenna 2 are exhibiting the same response except for the band 0.75-1GHz 

where S22 is better than S11 as shown in figure 4.5. 

Figure 4.6 shows that both reflection coefficients S11, S22 are below -10dB over the entire 

frequency band of interest except for 0.5-0.577GHz.  

 

Figure 4.3. Reflection coefficients versus frequency of antenna1-2                                                                                                                                
when antenna array is in air 
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Figure 4.4. Reflection coefficients versus frequency of antenna1-2                                                                                                                                                                                                                                                                             
when antenna array is immersed in ML1 

 

Figure 4.5. Reflection coefficients versus frequency of antenna1-2                                                                                                                                                                   
when antenna array is immersed in ML2 
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Figure 4.6. Reflection coefficients versus frequency of antenna1-2                                                                                                                                                                                                                                                                             
when antenna array is immersed in ML3 

4.3.2   Mutual coupling among antenna array 

For a good microwave tomography system higher coupling levels are undesirable. Coupling 

level among all antennas in the array should be atleast -20dB or below over the entire 

frequency band of interest i.e. 1-4.5GHz [17].  

Immersing antenna array in matching liquid also helps in bringing down the mutual coupling 

level. Due to high permittivity of the matching liquid signals in the unwanted directions are 

attenuated back and forth hence mutual coupling among antennas is reduced.  

In this design mutual coupling levels among antennas is brought down by adjusting the relative 

position of antennas i.e. horizontal distance (dh) between adjacent antennas and diagonal 

distance (dd) between antennas at four corners of the array.   

Simulation results of mutual coupling levels between antenna 1 and two adjacent antennas on 

each side i.e. antenna 2-3 & antenna 11-12 are shown (S21, S31,S11,1 and S12,1). In the simulations 

worst case scenario is taken involving antennas having minimum mutual distance i.e. horizontal 

or diagonal distance. Total four measurements are taken which involve adjacent antennas and 

antennas at corner mounted on two walls. The array structure is symmetrical so coupling 

between antennas mounted on other two walls will be same. 
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A:   Mutual coupling among antenna array in air 

Simulation results of mutual coupling levels with no matching liquid shows that there exist 

higher mutual coupling levels between adjacent antennas and antennas at the four corners. 

Even with large horizontal distance between adjacent antennas (dh) and large diagonal distance 

between antennas at corners (dd) both S21 and S12,1 are above -20dB between 1-1.5GHz 

frequency range as shown in figure 4.7. 

It is evident that this array configuration is not useful for the microwave tomography 

application. The result also signifies the use of matching liquid.  

 

Figure 4.7. Coupling versus frequency between neighboring antennas                                                                                                                                                                                     

when antenna array is in air 

B:   Mutual coupling of antenna array in matching liquids 

Figure 4.8 shows the simulated mutual coupling levels among antennas when antenna array is 
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interest. Higher coupling levels are observed between antennas which are in close proximity of 

each other i.e. antenna 1 & antenna 2 and antenna 1 & antenna 12. The horizontal distance (dh) 

between adjacent antennas and diagonal distance between antennas at corner (dd) are 
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coupling level has reduced further over the entire frequency band of interest and is now below 

-29dB; the same is the case with antenna 1 and antenna 3 the mutual coupling level is below -

31dB over the entire frequency band of interest. 

Figure 4.9 shows the simulated mutual coupling levels when antenna array is immersed in ML2. 

Higher permittivity value of ML2 has brought down mutual coupling levels between antennas. 

S21, S31, S11,1, S12,1 are below -20dB over the entire frequency band of interest even with the 

reduced horizontal and diagonal distance between adjacent and corner antennas respectively 

as given in the table 4.1.      

Immersing antenna array in ML3 has brought all coupling levels (S21, S31, S11,1, S12,1) below -25dB 

which is due to its higher permittivity; simulated results are shown in the figure 4.10. 

 

Figure 4.8. Coupling versus frequency between neighboring antennas                                                                                                                                                                                     
when antenna array is immersed in ML1 
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Figure 4.9. Coupling versus frequency between neighboring antennas                                                                                                                                                                                                                                                                              
when antenna array is immersed in ML2 

 

Figure 4.10. Coupling versus frequency between neighboring antennas                                                                                                                                                                                                                                                                                      
when antenna array is immersed in ML3 
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4.4 E-field distribution  
For a microwave tomography application it is required that E-field is produced deep inside the 

object under test. In microwave tomography application number of transmitter are used to 

illuminate object under test. So the requirement on the single antenna is to produce E-field at 

the center of the object under test both horizontally and vertically covering most area of the 

object under test.  

In this design 12 antennas have been used in square array. Due to the symmetric structure of 

the designed antenna array only `antenna 2´ has been used to simulate SAR and then E-field is 

analyzed. The modeled phantom which has the same dielectric properties as of matching liquid 

has radius of 100mm in XZ-plane and 114mm length in YZ-plane.  

In figures 4.11-4.12 the specific absorption rate (SAR) in both XZ-plane and YZ-plane is shown. 

Matching liquids with different permittivity and conductivity value have been used in these 

simulations; the details about the matching liquids are given in table 3.2. SAR is directly 

proportional to the square of E-field intensity and is measured in W/kg. The relation between 

SAR and E-field distribution is given in section 3.3.1.2. SAR is simulated at 1GHz, 3GHz, 4.5GHz 

and in both planes i.e. XZ-plane & YZ-plane.  

4.4.1 E-field distribution in XZ-plane 

Figure 4.11(a) shows simulated SAR pattern by single antenna in XZ-plane when antenna array 

is immersed in ML1. Single antenna is producing E-field well deep into the modeled phantom of 

100mm radius at 1GHz, 3GHz and 4.5GHz. The E-field intensity is higher near the antenna 

surface and it is gradually reducing.   

Figure 4.11(b) shows the simulated SAR pattern by single antenna in ML2. The E-field produced 

by single antenna at 1GHz & 3GHz has almost the same pattern as of pattern produced by 

single antenna in ML1. However at 4.5GHz the current distribution is more confined to the 

elliptical patch edges which results in more intense E-field creation at the outer boundaries of 

the modeled phantom. 

Figure 4.11(c) shows the simulated SAR pattern by single antenna in ML3 which has the highest 

permittivity and conductivity as compared to other two matching liquids used. The SAR pattern 

at 1GHz, 3GHz and 4.5GHz shows that the radiated signal is heavily attenuated but still the E-

field is produced well inside the modeled phantom i.e. about 100mm.  

E-field produced by the single antenna in XZ-plane when antenna array is immersed in MLs 1-3, 

shows that antenna can be used to detect dielectric profile of the object under test.     
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(a)       (b) 

SAR (XZ-plane) in matching liquid 3 

 
   

   (1GHz) 
 

(3GHz) 
 

(4.5GHz) 

 (c) 

Figure 4.11(a-c). SAR in XZ-plane at 1GHz, 3GHz, 4.5GHz 

SAR (XZ-plane) in matching liquid 1 SAR(XZ-plane)  in matching liquid 2  
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     (4.5GHz) 
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4.4.2 E-field distribution in YZ-plane 

Figure 4.12(a) shows simulated SAR pattern in YZ-plane by a single antenna when antenna array 

is immersed in ML1. The pattern shows that E-field is more uniform in YZ-plane as compared to 

XZ-plane.  E-field distribution is same at all frequencies and is covering almost whole area of the 

modeled phantom in YZ-plane.  

Figure 4.12(b) shows SAR pattern of a single antenna in YZ-plane when antenna array is 

immersed in ML2. The SAR shows that E-field intensity has been increased. This is due to the 

reduced size of the array. The reduction in size of antenna array is possible due to the reduced 

coupling level among antennas with the use of ML2.  

Figure 4.12(c) shows the simulated SAR pattern of single antenna in YZ-plane when antenna 

array is immersed in ML3. Due to high permittivity of the matching liquid and modeled 

phantom the input signal in phantom is attenuated heavily. E-field produced is covering almost 

whole modeled phantom in YZ-plane.   

The E-field patterns shown in Figure 4.12(a-c) in YZ-plane are quite promising. The whole area 

of the object under test can be fully covered by the use of all antennas in the array.  
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(a)                                                          (b)                                           

SAR(YZ-plane) in matching liquid 3 

 
 

      (1GHz) 
 

(3GHz) 
 

(4.5GHz) 

(c) 

Figure 4.12(a-c). SAR in YZ-plane at 1GHz, 3GHz, 4.5GHz  
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4.5 Antenna arrays design parameters when antenna array is 

immersed in matching liquids and in air  

Parameters Description 

Antenna 

array in 

ML1 

Antenna 

array in 

ML2 

Antenna 

array in 

ML3 

Antenna 

array in 

air 

All values are taken in mm 

Larray Length of the array 272 212 204 671 

Warray Width of the array  272 212 204 671 

Harray Height of the array  114 114 114 114 

Rphantom Radius of the phantom  100 100 100 - 

Lphantom Length of the phantom  114 114 114 - 

Tchamber Thickness of the plastic 

chamber 

2 2 2 2 

dh Horizontal distance between 

two adjacent antennas 

18 14 10 180 

dh1 Horizontal distance between 

corner antennas (antenna 1, 

antenna 3, antenna 7, 

antenna 9)  edge and inner 

side of the chamber   

42 16 16 80 

dh2 Horizontal distance between 

corner antennas (antenna 4, 

antenna 6, antenna 10, 

antenna 12)  edge and inner 

side of the chamber   

42 16 16 80 

dd Diagonal distance between 

antennas at the four corners  

59.39 22.62 22.62 113.13 

 

Table 4.1. Antenna arrays design parameters 
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5 Conclusion and future work 

5.1 Conclusion 
An ultra wideband antenna array for microwave tomography application has been designed. 

The antenna design requirements included ultra wide bandwidth (1-4.5GHz), simple structure, 

low mutual coupling and small size. 

Printed elliptical monopole antenna (PEMA) was selected for this application due to its high 

potential. PEMA is built on FR4 substrate with partial ground plane. The antenna can yield ultra 

wide bandwidth. It is a broadside radiator with omnidirectional radiation pattern. The designed 

antenna has simple structure and also meets the limitations on antenna size for microwave 

tomography application.  

The performance of the antenna array is analyzed using CST microwave studio. The antenna 

array reflection coefficients, mutual coupling between antennas and SAR is analyzed. The 

simulation results suggest that the use of matching liquids has brought down the mutual 

coupling level between antennas.  

The simulated results show that the designed antenna array meets all the design requirements 

such as bandwidth, mutual coupling, reflection coefficient and E-field distribution.   

5.2 Future work 
The future work will involve manufacturing of the designed antenna. The antenna performance 

in air and in different matching liquids will be tested and compared with the simulated results. 

It is observed in the simulations that by immersing antenna in matching liquids, it impedance 

bandwidth improves. Therefore, in the near future, we will work on the reduction of the 

antenna size based on its performance in matching liquid. The first prototype of clinical 

experimental system will be developed in this year and will be tested at hospital.    
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